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ABSTRACT: Polyelectrolyte complex coacervates of homologous :; """"""""""" VA f=m/(m+n)
(co)polyelectrolytes with a near-ideally random distribution of a charged Buo'['e/\o)i\[o);]-H: increasing f
and neutral ethylene oxide comonomer were synthesized. The unique E 0 E

platform provided by these building blocks enabled an investigation of ! N, L

the phase behavior across charge fractions 0.10 < f < 1.0. Experimental '----------p-c-"2------ 10

phase diagrams for f = 0.30—1.0 were obtained from thermogravimetric ~@-SH / ®-SH

analysis of complex and supernatant phases and contrasted with .
molecular dynamics simulations and theoretical scaling laws. At @ @
intermediate to high f, a dependence of polymer weight fraction in the Cp

salt-free coacervate phase (wp.) of wp. ~ o370 yas extracted; this

trend was in good agreement with accompanying simulation predictions. Below f = 0.50, wp, was found to decrease more
dramatically, qualitatively in line with theory and simulations predicting an exponent of 2/3 at f < 0.25. Preferential salt partitioning
to either coacervate or supernatant was found to be dictated by the chemistry of the constituent (co)polyelectrolytes.

B INTRODUCTION and architecture.”® Effective chemical interaction parameters
describing the interplay between all species in the system—
solutes and solvents—have to be considered. This can be
achieved by introducing the corresponding Flory—Huggins
interaction parameters ()(,-]-) for PE—PE, PE—solvent, and PE—
salt.>**° For the latter case, specific ion effects—which are
qualitatively predicted by the Hoffmeister series—and ion
valency have to be taken into account.”” Lastly, environmental
conditions such as the solution ionic strength (D,* dielectric
constant (¢),"" pH,*” and temperature (T)** can enhance or
diminish the strength of pertinent non-covalent interactions. In
view of this vast parameter space, it is unsurprising that the
development of theoretical models capable of capturing all
such effects to produce broadly applicable predictions has been
challenging.

Mixing of oppositely charged polyelectrolytes (PEs) in solution
generally elicits an associative phase separation into a polymer-
lean supernatant phase and a polymer-rich polyelectrolyte
complex (PEC) phase.'™* This complexation of oppositely
charged PEs produces either opaque solids—kinetically
trapped glasses—or transparent, viscous liquids—usually
closer to or at thermodynamic equilibrium—called polyelec-
trolyte complex coacervates.”® In nature, PECs form the
constituents of complex multicomponent membraneless
organelles in cells,”® play key roles in post-transcriptional
processes,” and give rise to functional and responsive
materials.'”"" PECs are also thought by some to have a role
in the origins of life.'> From a materials’ engineering

perspective, they are useful candidates for therapeutic protein )
and nucleotide delivery."”'* Academic interest further Although the process of complex coacervation was first

: . 44
encompasses their study in the context of stimuli-responsive dgscrlbed n %929_ by Bungenberg-de Jong and Kruyt,
hydrogels,'>'® enzyme encapsulants,”'* membranes, *~>! rigorous quantifications of complex and supernatant phase
electros u’n fibers 22 and salt rocéssable materials ,(salo— compositions in the construction of binodal phase diagrams

27 f a4 proc . have only been reported over the past decade. Given the
plastics).”* Each of these applications is enabled by the specific

. . . . breadth of works examining PECs, we confine ourselves here
phase behavior and viscoelastic properties of a PEC under a . .
: s . to the discussion of a few relevant examples that have probed
given set of conditions. Therefore, understanding and

controlling PEC phase behavior are key to enabling bottom-

up, rational material design. Received: March 29, 2021 Jatromolecules

Revised: ~ May 19, 2021

Properties of PECs are dictated by many factors, including
Published: July 6, 2021

molecular characteristics of the component PEs such as their
degree of polymerization (N),”>~*’ charge density or charge
fraction ( f),28_30 blockiness of charges along the chain,>' ™%
polymer hydrophilicity or polarity,34_36 tacticity or chirality,37
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how PE molecular characteristics impact PEC phase behavior
and that have quantified macrophase compositions. In 2010,
Spruijt et al. published binodal phase diagrams for PECs of
poly(acrylic acid) [PAA] and poly(N,N-dimethylaminoethyl
methacrylate) [PDMAEMA] with N = 20, 50, 150, and S10. 6
Fluorescein-labeled PAA concentration in the supernatant was
measured via fluorescence spectroscopy and subsequently used
together with macrophase volume and coacervate dry mass
measurements to quantify the amount of water and PAA in
each phase. Salt concentrations (C;) were not directly
measured; the authors assumed them to be equal in both
phases and additive to yield the concentration of salt at which
each sample was prepared (C,,), illustrated by phase diagrams
with horizontal tie lines. Li et al. constructed binodal phase
diagrams for complexes of poly(L-lysine hydrochloride) (PLK)
and poly(sodium p,L-glutamate) (PRE), systematically varying
N, initial PE concentration (Cp,), and Cs,,-.27 The authors used
a combination of thermogravimetric analysis (TGA), turbidity,
and conductivity measurements to measure C, and PE
concentration (Cp) in supernatant and coacervate phases.
Salt resistance—a measure of the highest C;; at a given Cp;
where macroscopic phase separation still takes place—was
determined by a combination of optical microscopy and
turbidity measurements. Collectively, these works demonstra-
ted that (1) longer chains (ie, higher N) afford denser
complexes (ie., higher Cp,) with higher critical salt concen-
trations (C,.,), (2) coacervates prepared at a higher Cp; exhibit
a lower resistance to dissolution with salt (“self-suppression”),
and (3) the experimental Jphase diagrams departed from the
Voorn—Overbeek theory™ in that complexes had higher
polymer density than predicted and that salt was observed to
partition preferentially into the supernatant phase.

Synthetic PECs studied thus far have predominantly dealt
with fully or strongly charged PEs, ie., those where all or a
majority of monomer units are ionized, respectively.*® For this
reason, the role of PE linear charge density—or the fraction of
ionic monomers f—in PE complex coacervation remains
almost experimentally unexplored. At the same time,
theoretical studies suggest that f can be used to tune the
binodals of the associative phase separation as well as the
internal structure and density of the PEC phase.”’ " A
notable exception is a recent experimental investigation of PE
charge fraction and polarity effects on PEC phase behavior by
the Laaser group. By use of optical turbidity, it was shown that
salt resistance decreased with diminishing f (down to f = 0.67)
but was surprisingly insensitive to comonomer hydrophobicity
in that range of charge densities.”' In addition, the authors
reported coacervate compositions measured by TGA for
homologous hydrophobic and hydrophilic series (f = 0.67—
1.0) prepared at 0.2 M potassium chloride (KCl). From these
data, the authors concluded that phase behavior was
dominated by charge density with the caveat that the
hydrophobicity of the chains may have a greater impact at
lower f.

The present study is aimed at the systematic comparison of
complex coacervation across a broad range of PE linear charge
densities. We present binodal phase diagrams for PECs with f =
0.30—1.0 where amounts of water, (co)polyelectrolyte [(co)-
PE], and salt in coacervate and supernatant phases were
quantified by TGA, as pioneered by Li et al.”” To separate the
role of PE cha_rlge density from other effects such as
hydrophobicity””*" and stiffness,’® a series of well-defined,

homologous (co)PEs with precisely controlled f values and
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near ideally random monomer distributions were synthesized.
The (co)PEs are water-soluble across all charge densities,
which is in stark contrast to frequently studied hydrophobic
PEs that are water-soluble only when a significant fraction of
their monomers is ionized. Furthermore, polycation oxidation
facilitated a critical analysis of how PE polarity and solvation
ability, in addition to f, impacts salt partitioning between
macrophases. This provides, to the best of our knowledge, the
first quantitative understanding of C, dependence on f for
PECs across a broad range of charge densities.

B EXPERIMENTAL AND SIMULATION METHODS

Polymer Synthesis and Functionalization. Poly(allyl glycidyl
ether) [poly(AGE)] and poly(allyl glycidyl ether-stat-ethylene oxide)s
[poly(AGE-stat-EO)s] were synthesized by using oxyanionic ring-
opening copolymerization of ethylene oxide (EO) and allyl glycidyl
ether (AGE) according to a previously reported procedure.””
Polymerizations were initiated with commercial potassium tert-
butoxide solution in tetrahydrofuran (1 M in THE)*® to afford
polymers of number-average degree of polymerization (N,) = 200 +
10% and containing mole fractions AGE of 0.10, 0.30, 0.54, 0.72, or
1.0 (fage)- Crude polymerization mixtures were precipitated into cold
hexanes (=78 °C); the purified polymers were dried under high
vacuum and stored in a —78 °C freezer. Postpolymerization
modification by thiol—ene click chemistry was performed by using
azobis(isobutyronitrile) (AIBN) (0.7 equiv per mole of alkene) and
either cysteamine hydrochloride (20 equiv per mole of alkene) or
sodium 3-mercapto-1-propanesulfonate (10 equiv per mole of alkene)
in a degassed solution of S/1 dimethylformamide (DMF) /water
(H,0) or 3/1 DMF/H,0, respectively, at 80 °C. Upon full
consumption of alkenes, the (co)PEs were purified by dialysis in
snakeskin tubing (MWCO = 3.5 kg/mol, eight cycles) against 4 L of
Milli-Q water (or Milli-Q water acidified to pH 3—4 for polycations),
concentrated in Amicon-15 tubes [MWCO = 3 or 10 kg/mol,
depending on (co)PE number-average molar mass (M,)], filtered
through 0.22 um polyethersulfone membranes, and lyophilized. All
neutral polymers were characterized by proton ('H) nuclear magnetic
resonance (NMR) spectroscopy to establish M, by end-group
analysis, and a size exclusion chromatograph (SEC) equipped with
a refractive index detector was used to determine neutral (co)polymer
dispersity (P) by using 0.01 M sodium bromide in DMF as eluent
(Figures S1 and S2). Neat (co)PEs were characterized by 'H and
carbon (*C) NMR spectroscopy (Figures S3—S6).

PEC Preparation and Salt Resistance Measurements.
Purified (co)PEs were dissolved in Milli-Q water at a final
concentration of 50 mg/mL, and the pH was adjusted to 3—4 with
1 M hydrogen chloride (HCI) to ensure full ionization of amines (see
the Supporting Information for a discussion on the observed phase
behavior when stock solutions were not acidified). Thereafter,
(co)polycation solutions were treated with hydrogen peroxide (2
equiv per mole of sulfur), vortexed, and heated at 37 °C for 30 min to
oxidize thioether side chains to a mixture of sulfoxide and sulfonium
moieties as previously reported (Figures $7 and $8).** To ensure that
the polyether backbone was stable to treatment with H,0,, we
functionalized poly(AGE-stat-EO) with fyqg = 0.54 using hexanethiol,
subjected the resultant neutral copolymer to the same oxidation
conditions, and characterized it by DMF SEC before and after
oxidation. The SEC trace showed no shift in molar mass with
oxidation (Figure S9), confirming that polyether backbones were not
subject to oxidative cleavage with H,0O,. A sample of poly(ethylene
oxide) with N, ~ 105 was furthermore treated with H,0,, and 'H
NMR spectral analysis indicated no changes to the polymer structure
with oxidation (Figure S10). To determine degree of thioether
oxidation, we treated copolycations with f = 0.30 and 0.72 with 0.5-2
equiv of H,O, and monitored structural changes by 'H NMR
spectroscopy (Figures S11 and S12). Although sulfoxide and
sulfonium moieties could not be distinguished by this method, it
was evident that thioether moieties were completely consumed with 2
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equiv of H,O,. PECs were prepared with the desired final (co)PE and
sodium chloride concentrations ([NaCl]) by sequential addition of
acidified Milli-Q water, acidified S M stock solution of NaCl,)
(prepared with a 100 mL volumetric flask), (co)polycation stock
solution, and (co)polyanion stock solution. Samples were vortexed for
30 s, and (co)PE complex droplets were analyzed for each charge
fraction across a range of exogenous [NaCl] by using phase contrast
optical microscopy (Leica DMI 6000B). For each condition, 100 L
of sample solution was injected into ultralow attachment 96-well
plates (Costar, Corning Inc.) for observation.

Thermogravimetric Analysis. Supernatant (20—60 mg) and
complex phases (4—60 mg) were harvested for TGA to determine
phase compositions. All samples were prepared in 1.5 mL scale
Eppendorf tubes centrifuged for 20 min at 17000g, after which two
transparent phases were obtained. The TGA measurement was first
conducted on TA Instruments SDT 600 TGA by using aluminum
pans in air. The following protocol was followed: the temperature was
ramped up from room temperature to 110 °C at 8 °C/min, held at
110 °C for 90 min, ramped to 600 °C at 10 °C/min, and then held at
600 °C for 120 min. The combined weight of the pan and the sample
was recorded along the heating procedure to extract the weights of
water, (co)polyelectrolyte, and salt contents in each phase. A similar
protocol was followed in furnace burning experiments using a
Barnstead Thermolyne Furnace 1400. The samples were placed in the
furnace at room temperature; the temperature of the furnace was
increased to 110 °C and held there for 2.5 h. At that point, the
samples were cooled to room temperature, their weights were
recorded to estimate the water contents, and the samples were again
placed into the furnace and heated to 600 °C. After heating for 12 h,
the samples were cooled to room temperature, and their weights
obtained again to estimate the co(polyelectrolyte) and salt contents.
For each (co)polyelectrolyte and salt concentration, samples were
prepared at least in triplicate. To verify that the residue remaining
after the 12 h isotherm at 600 °C was attributable solely to NaCl and
not contaminated with polymer degradation products, samples of all f
values were prepared at known exogenous [NaCl] and subjected to
TGA; the theoretical mass of salt in the sample was compared to the
mass of the residue after the 600 °C isotherm (Table S1). Finally, to
access one additional data point, endogenous NaCl (i.e., PE
counterions) was washed out from coacervates prepared at 0 M
exogenous NaCl by using Milli-Q water adjusted to pH ~ 3—4.
Although two wash cycles did not afford entirely salt-free
coacervates—presumably due to the ions introduced by the pH-
adjusted water—the coacervate salt concentrations were significantly
lowered. )

Simulation Model of the System. A Kremer—Grest model®*
including Coulomb interactions between monomers was used to
simulate complex coacervation. Specifically, PEs are represented as
chains of spherical interaction sites or beads connected by springs,
and salt ions are modeled by single spheres. To reduce computational
power, solvent was implicitly included as a continuum medium. All
sites were of the same size, r = ¢ (reduced units were used for
simulation). A finitely extensible nonlinear elastic (FENE) potential
was used for bonded interactions, and excluded volume (non-
Coulomb) interactions were modeled by shifted and truncated
Lennard-Jones (LJ) potentials. Two scenarios were considered: one in
which all sites experience the same LJ interaction potential and
another in which salt—monomer interactions differ from (are more
attractive than) salt—salt and monomer—monomer interactions.
Coulomb interactions between charged sites were calculated by a
particle—particle particle-mesh method in LAMMPS.> The details of
the interaction formulas and parameters can be found in the
Supporting Information. In this work we use a © solvent with Tg =
3.18 (ie, € = 0.314k3T)*® maintained by a Langevin thermostat.

In our simulations, we use a minimal coarse-grain model with an
implicit solvent that can capture the main trends in the system’s
behaviors. A quantitative level of description of the experimental data
may be achieved by resorting to more sophisticated simulation
approaches. The different polarizabilities of the PEs, the solvent, and
the salt jons can all be taken into account via appropriate model
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parametrization,””*® introducing an additional ion-dipole ~1/r*

interaction potential between the beads,”” and by using polarizable
beads comprising Drude oscillators or beads with permanent
dipoles.””®" To fully address the microscopic specificity of all species
responsible for solvation, hydrogen bonding, chirality effects, and so
on, atomistic simulations should be performed.*”!

The charge fraction f is given by the ratio of charged over total
number of monomers in the PE chain. For chains of the same f value,
previous studies®' ~** have shown that the sequence of charged and
neutral monomers significantly impacts phase behavior in PECs. To
take this effect into account and to mimic the statistics of random
coPEs, we used two methods of sequence generation that maintain
the same f values. Within the first method, we generated ideally
random sequences of length N = 200 by using a first-order Markov
process, with the eigenvalue of the Markov transition matrix (the
measure of charge blockiness) set to 4 = 0.°°” These systems were
only used to calculate the dependence of salt-free coacervate density
on fand compare it with scaling predictions.”’ ~>° The second method
was used to properly model poly(AGE-stat-EO)-derived coPEs
synthesized by the statistical copolymerization of AGE and EO
monomers with 100% conversion. The actual sequences of these
coPEs deviate from the ideally random case because of a nonzero
correlation parameter, A # 0, and copolymer compositional drift.*> To
mimic the experimental chains, we generated sequences using the
“Compositional Drift” software®* provided with the known reactivity
ratios for AGE and EO monomer and the initial feed ratios (i.e., f
values) used in the corresponding experiments.*® This program uses a
Monte Carlo method to generate different realizations of sequences
corresponding to the Mayo—Lewis model of copolymerization
kinetics. The resulting sequences exhibited minor compositional
drift for chains with N,, = 200 and D = 1.01. These were used for the
calculation of binodal curves and for comparison with experiments. As
shown below, the results corresponding to these two different ways of
generating sequences differ only marginally.

Isothermal—Isobaric (NpT) Ensemble for Salt-Free Coac-
ervates. To simulate the salt-free coacervate phase in the equilibrium
state, the simulation box was maintained in an NpT ensemble with p =
0 since the osmotic pressure of the polymers in highly diluted
supernatant coexisting with the coacervate is close to 0.*”°° This NpT
ensemble was achieved by coupling a Berendsen barostat and a
Langevin thermostat with damping parameter I" = 1.0m/7y;, where 7y
is the reduced time unit and m = 1 is the reduced particle mass. The
bead velocities and positions were updated by a velocity-Verlet
algorithm. The time step was set to be 0.0027;;. Equilibration was
ensured by considering the decay of the end-to-end vector correlation
function*”®® and the convergence of the density as a function of time.
The average density was obtained after equilibration with a block
average.

Gibbs Ensemble Simulation of Phase Coexistence. With the
addition of salt ions, binodal curves must be calculated by
equilibrating supernatant and coacervate phases. To this end, we
used a hybrid MC/MD Gibbs ensemble simulation.’® A further
simplification can be made by assuming there is no polymer in the
supernatant phase, which is appropriate unless the critical salt
concentration is approached.®” Experimental binodals obtained in this
and earlier studies”™”’ serve to justify this assumption and
demonstrate that the density of the supernatant substantially deviates
from zero and becomes comparable with that of the coacervate only in
a very narrow range of salt concentrations, close to the critical point.
Because our simulations are not aimed at describing the solution’s
critical behavior, the assumption adopted in this work, which strongly
simplifies the simulation procedure, is reasonable. For the range of
parameters considered here, it leads only to a minor overestimation of
the coacervate density, but it does not affect the main findings about
the phase behavior such as the shift of the binodals for decreasing f,
salt partitioning, scaling for the salt-free coacervate density, and so on.

The coexisting phases are represented by two boxes. One contains
salt beads to mimic the supernatant phase, whereas the other
corresponds to the coacervate and contains salt and polymers. Phase
equilibrium was achieved by randomly choosing one of three events:
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(i) NVT MD runs within each box for relaxing the system, (ii) particle
transfer moves where a pair of oppositely charged salt beads were
moved from one box to another, or (iii) volume exchange moves
between two boxes. The acceptance criteria for moves ii and iii can be
readily derived from the classical NVT Gibbs ensemble method.*® We
implemented this method as Python scripts to drive the simulation in
LAMMPS.” In this work, the combined volume of the two phases is
up to 800006 to ensure adequate volumes for each phase and avoid
finite-size effects. The total number of coPE chains in the coacervate
phase is fixed to 60. The initial configuration of the coacervate phase
was generated through a self-avoiding random walk. For the same
initial average concentration of polymer and salt, we conducted two
independent runs, where the initially assigned volumes for super-
natant and coacervate phases were different. Namely, one run had a
dense coacervate phase at the beginning while the other started with
the polymer-containing phase of large volume and hence low density.
These two systems were shown to converge to similar points along
the binodal curves, serving to underscore the validity of our
procedures.

B EXPERIMENTAL RESULTS

(Co)PE Synthesis and PEC Preparation. The monomers
employed in the synthesis of the (co)PEs reported here were
specifically chosen to isolate the effects of charge density on
polyelectrolyte complex coacervate phase behavior systemati-
cally across a broad range of charge densities. This required
meeting specific design parameters including (1) choosing a
neutral, hydrophilic comonomer that would afford water-
soluble copolyelectrolytes even at low f values, (2) identifying a
comonomer pair that polymerizes randomly to avoid blocky
charged regions, (3) producing long enough chains such that
coacervation still occurs at low f, (4) using polyanion/
polycation pairs that are perfectly matched in N, f, and D,
(5) reducing as well as possible other non-covalent
interactions, such as hydrophobic, cation—z and/or 7—x
interactions, and hydrogen bonding between monomers, and
(6) identifying a system that afforded homogeneous liquid
coacervates—i.e., true equilibrium structures—across the
entire spectrum of exogenous salt concentrations.

As poly(ethylene oxide) (PEO) and strongly charged
polyelectrolytes are water-soluble at ambient conditions, we
predicted that water solubility would be enabled by abundant
ionic groups at high f values whereas increasing relative
amounts of EO would promote solubility at low f values [for
PEO: solubility parameter § = 9.9 (cal/cm?®)"/?)].”° The
reactivity ratios of solution EO/AGE copolymerization in
tetrahydrofuran (THF) at 45 °C have been previously
established by Lynd and co-workers as rygg = 1.31 + 0.26
and rgo = 0.54 + 0.03; hence, a near-random distribution of
monomers along the chain is anticipated.”> Compositional drift
becomes significant at high monomer conversions for this
system, and we note that for the copolymers reported here
polymerizations were not quenched prior to reaching 100%
conversion. We have therefore generated sequences corre-
sponding to the experimental reactivity ratios and feed ratio f
using a recently published Compositional Drift program®>®*
and have provided MD simulation results that take into
account length and sequence polydispersities and composi-
tional drift.

Well-defined (co)polymers with N, ~ 200 were obtained by
the oxyanionic (co)polymerization of EO and AGE with f,¢p =
0.10, 0.30, 0.54, 0.72, and 1.0 (Table 1 and Figure S2).
Reaction times were carefully adjusted to minimize isomer-
ization of AGE to the internal cis olefin for all copolymers; all
of the polymers reported here contained <7% of isomerized
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Table 1. Molecular Characteristics of Precursors to
Homologous Polyanion/Polycation Pairs

O)(/\ H
&KOt—Bu,THF tBuoéj/ M O>n

45°C

O

Y

(0]
N
sample name M,“ (kg/mol) N, e p?
poly(AGE,¢-stat-EO 45) 10 187 0.10 112
poly(AGEs;-stat-EO ) 12 183 0.30 1.16
poly(AGE, 5-stat-EQy) 17 209 0.54 1.20
poly(AGE,,-stat-EOy) 20 211 0.72 1.17
poly(AGE,,) 24 209 1.0 118

“Determined from 'H NMR spectroscopy. "Measured by DMF SEC
with a refractive index detector.

AGE units (cf. Figure S1).”" Isomerization was observed to
increase significantly—even at 45 °C—if the polymerization
was not terminated once full conversion was achieved. A
systematic comparison of coacervates formed with chains
containing a high fraction of isomerized alkenes was not
carried out, as such an endeavor is outside of the scope of this
work. However, one may speculate that the chemical
environment adjacent to the thioether becomes more hydro-
phobic and sterically encumbered with alkene isomerization,
which would be expected to produce slight differences in the
phase behavior of complexes formed from chains with a high
degree of alkene isomerization. Homologous (co)polycation/
(co)polyanion pairs were accessed by postpolymerization
modification of neutral (co)polymers using thiol—ene click
chemistry (Scheme 1). Here it is important to note that even
small residual amounts of unfunctionalized alkenes (~1—5%)
resulted in the formation of cross-links during lyophilization,
evidenced by PE gelation upon attempted redissolution in
water. Therefore, complete conversion of alkenes was carefully
verified for all of our samples.

(Co)polyanions [poly(Sulf-stat-EQ), Scheme 1] displayed
excellent solubility across the entire range of f values in water
and a broad range of [NaCl] (Figure S14). For (co)-
polycations, we first examined pH-independent guanidinium-
functionalized (co)polycations [poly(Guan-stat-EO), Scheme
1] and found them to exhibit poor solubility in aqueous NaCl
(Figure S4). This was observed most dramatically for high f
values, revealing the hydrophobic nature of the guanidinium-
functionalized AGE monomer upon the screening of charges
with exogenous salt.”>”> Polyelectrolyte complexes prepared
from poly(Guan)/poly(Sulf) could not be dissociated with
NaCl as poly(Guan) itself became visibly insoluble at [NaCl]
~ 0.4 M (Figure S13). We did however find that poly(Guan)
remained soluble in monobasic sodium phosphate (NaH,PO,)
solutions and that the corresponding complexes could be
dissociated at [NaH,PO,] ~ 4 M (Figure S14). This suggests
that the guanidinium chloride ion pair is not solvated as well as
the corresponding guanidinium sodium dihydrogen phosphate
ion pair. As NaH,POQ, is not thermally stable above 169 °C, we
changed the ion identity of the (co)polycation from
guanidinium to ammonium to promote complex dissolution
with NaCl to simplify the analysis of TGA experiments. We
reasoned that guanidine has a lower water solubility than
ammonia; hence, ammonium-functionalized AGE monomers
are expected to remain soluble to a higher [NaCl] than
guanidinium-functionalized AGE monomers. Indeed, the
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Scheme 1. Synthesis of Homologous, Statistical Copolyanions and Copolycations with f = m/(m + n) [m = o + p for Oxidized
(Co)polycations and n = 0 for Fully Charged Polyelectrolytes]
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analogous poly(Am) (Scheme 1) was fully soluble up to
[NaCl] 4 M (Figure S13). Nevertheless, complex
coacervates of poly(Am)/poly(Sulf) could not be dissociated
with the experimentally highest accessible exogenous [NaCl]
of 4 M (vide infra).

Rather than screening other salts for the dissociation of our
complexes, we instead further assimilated (co)polycation and
(co)polyanion polarities via oxidation of (co)polycation
thioether side chains with hydrogen peroxide (H,O,); this
was inspired by a recent disclosure by Xia and co-workers.”*
Oxidation with 2 equiv of H,O, to thioether moieties afforded
(co)polycations with a mixture of sulfoxide and sulfonium side
chains [poly(Am,,-stat-EQ), Scheme 1] that were soluble
across a broad range of [NaCl] at all f values (Figure S13). On
the basis of previous model studies,”* we estimated that
sulfoxide (subscript 0) and sulfonium (subscript p) moieties
were present in an ~1:1 ratio after oxidation with 2 equiv of
H,0, (ie, 0 ~ p and m = 0 + p; Scheme 1).

Effect of Polycation Thioether Oxidation on Phase
Behavior. Polyelectrolyte complex coacervates were prepared
for TGA from fully charged (i.e., f = 1.0) poly(Am)/poly(Sulf)
and poly(Am,,)/poly(Sulf). The complex and supernatant
compositions are displayed in a salt concentration [C, (wt
%) ]—polyelectrolyte concentration [Cp (wt %)] plot in Figure
1. Without oxidation of polycation thioether moieties,
poly(Am)/poly(Sulf), prepared at 0 M exogenous NaCl,
contained 46 wt % polyelectrolyte. The density of the complex
phase (Cp) was observed to decrease up to [NaCl] = 2 M;
thereafter, it remained roughly constant around Cp, ~ 30 wt %
up to [NaCl] = 3 M (Table S2). Between [NaCl] = 3 and 4 M,
an increase in coacervate density was observed. This behavior
is well in line with that for previously described PECs stabilized
by non-covalent interactions other than electrostatics.””* In
comparison, the analogous coacervate formed with poly-
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Figure 1. Binodal phase diagrams for PECs prepared from polycations
used as synthesized [poly(Am)] vs oxidized with 2 equiv of H,0,
relative to thioether moieties [poly(Am,,)]. All samples were
prepared with Cp; = 1 wt %, and error bars present standard
deviations between measurements performed in triplicate.

(Am,,)/poly(Sulf) was characterized by a lower coacervate
density, with Cp ~ 37 wt % that diminished with increasing
[NaCl] and was fully dissolved at [NaCl] = 1.0 M (Table S3).
The narrowing of the binodal phase envelope and decrease of
C, . with polycation oxidation are consistent with observations
by Lou et al.>* for PECs that were not otherwise stabilized by
nonelectrostatic interactions. We concluded from these data
that polycation thioether oxidation was effective in modulating
the polarity of the ammonium-functionalized AGE monomer
to enable a systematic comparison of coacervate properties as a
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function of electrostatics without significant confounding
hydrophobic interactions.

Effect of f on Phase Behavior. Phase morphology and
salt resistance of PECs prepared from homologous poly(Sulf-
stat-EO) and poly(Am,-stat-EQ) were first qualitatively
examined by bright field optical microscopy (Figure 2). No
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Figure 2. Bright field optical microscopy images obtained across
indicated charge fractions and sodium chloride salt concentrations.
Polymer concentrations were 10 mg/mL for all f values, and samples
were analyzed immediately after complexation. Top row scale bar:
250 pm; second to fourth row scale bars: 50 ym.

macroscopic phase separation was observed for complexes of f
= 0.10. Colloidal coacervate suspensions obtained for f = 0.30—
1.0 were transferred to well plates immediately after
preparation and imaged. Formation of liquid complexes was
evidenced by spherical droplets observed under the micro-
scope. As expected, complexes of higher charge densities
exhibited increased resistance to dissolution with NaCl
Informed by salt resistance measurements, PECs were
prepared for TGA from poly(Am,,-stat-EO)/poly(Sulf-stat-
EO) with f = 0.30—1.0 to elucidate the effect of linear charge
density on the PEC phase behavior. Samples containing
coacervate droplets were centrifuged to yield two macroscopi-
cally phase-separated, transparent liquid phases, indicative of
equilibrium structures devoid of inhomogeneities that cause
light scattering (Figure 3). Coacervate volume was observed to

0.30 0.54 0.72

oxidized (co)polycations

Figure 3. Macroscopically phase-separated samples obtained after
centrifugation from oxidized polyelectrolytes with f = 0.30—1.0 (left)
and fully charged coacervate obtained without polycation oxidation
(right). All samples are at equilibrium as indicated by the presence of
two transparent liquid phases.

6883

increase with decreasing PE linear charge density; this trend is
expected as decreasing f is similar to doping a fully charged
complex with salt.

Coacervate Density at 0 M Exogenous Salt Varies
Only Marginally for f > 0.5. Supernatant and coacervate
phases were harvested to determine their water, (co)PE, and
salt weight fractions for samples doped with a range of [NaCl].
As expected, Cp; determined PEC salt resistance but did not
impact the ultimate shape of the binodal phase diagram and
the PEC critical salt concentration (C,,). A Cp of 1 wt % (= 10
mg/ mL) was chosen as this broadened the range of accessible
[NaCl] compared with complexes prepared at higher Cp,
thereby simplifying the experimental procedure and reducing
error in the analysis. Binodal phase diagrams for PECs with f =
0.30—1.0 (Figure 4, Figures S15 and S16, Tables S3—S6) are
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Figure 4. Experimental binodal phase diagrams for PECs with f =
0.30—1.0 and Cp; = 10 mg/mL obtained from TGA. The highest Cp
values correspond to samples prepared at 0 M exogenous [NaCl] and
washed twice with acidified water to reduce coacervate salt content.
All measurements were performed in triplicate, and error bars
represent the standard deviation between samples.

qualitatively in line with expectations: the two-phase envelope
narrows, and C, . diminishes with decreasing f. Across the f
values presented here, the majority of the (co)PEs are localized
in the complex phase with (co)PE content in the supernatant
phases increasing up to 0.5 wt % at the highest [NaCl].
Coacervate density in the absence of exogenous salt (not to be
confused with coacervates obtained after salt-washing experi-
ments removing endogenous (co)PE counterions) decreased only
marginally when cutting the PE charge density into half, from
Cp = 38 wt % for f= 1.0 to Cp = 29 wt % for f = 0.54. These
results indicate a weak dependence of coacervate density on f
within a regime of high charge density (f = 0.54—1.0). A
pronounced decrease in coacervate density is, however,
observed for the analogous case of f = 0.30, with Cp = 16 wt
%, down from Cp = 29 wt % at f = 0.54.

Effect of f and PE Chemistry on Salt Partitioning. An
interesting feature of the PECs described here is the observed
salt partitioning between the complex and supernatant phases.
Tie lines have been added to the binodal phase diagram for f =
0.54 (Figure SA). It can be seen that the tie lines have a
positive slope at low to intermediate exogenous [NaCl] and
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Figure S. Salt partitioning between coacervate and supernatant phases
for poly(Am,,-stat-EO) /poly(Sulf-stat-EO) with f = 0.54. (A) Binodal
phase diagram with tie lines. (B) Salt partitioning coefficient (C®*/
C:™) vs exogenous [NaCl]. Error bars indicate the standard deviation
between three separate measurements.

level off at high [NaCl]. Positive tie line slopes indicate
preferential partitioning of NaCl into the coacervate over the
supernatant phase. The salt partitioning can be alternatively
visualized by plotting a salt partitioning coefficient—the ratio
of salt concentration in the coacervate phase (C*) to that in
the supernatant phase (C{"P)—against exogenous [NaCl]
(Figure SB). Values of C°*°/CS™ > 1 indicate a preference of
NaCl for the coacervate phase whereas C;*°/C;™ < 1 specifies
a preference of NaCl for the supernatant phase. As can be seen
in Figure SB, with increasing exogenous [NaCl], C*/C*
approaches unity as the coacervate and supernatant phase
become less distinguishable.

Similarly plotting Ci®/C{™® vs exogenous [NaCl] for all
charge fractions reveals that salt partitions preferentially into
the complex phase in all cases at low exogenous [NaCl]
(Figure 6A and Figure S15). It appears that the salt
partitioning coefficient C{**°/C{™ increases with decreasing f
although this trend reverses for f = 0.30. Interestingly, we
found that polycation oxidation significantly impacts C;**/C{*
(Figure 6B). Upon comparison of salt partitioning for
poly(Am,,)/poly(Sulf) and poly(Am)/poly(Sulf), it can be
seen that the relatively more hydrophobic coacervate formed
from poly(Am)/poly(Sulf) partitions less salt than its
corresponding supernatant phase, whereas the opposite is
observed for the more polar poly(Am,,)/poly(Sulf).

B SIMULATION RESULTS

Effect of f on Binodal Phase Behavior. As shown by the
experimental binodals in Figure 4, a majority of (co)PEs are
accumulated in the coacervate phase, serving to validate the
assumption of a (co)PE-free supernatant adopted in
simulations. Simulation binodals shown in Figure 7 have the
same shapes and exhibit the same trends as those measured
experimentally. Despite the difference in the interactions
between salt ions and monomers, for both cases, the two-phase
envelope narrows with increasing salt concentration. The two
sets of binodal curves show a reduction of the two-phase
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Figure 6. Salt partitioning coefficient vs exogenous [NaCl] as a
function of (A) charge fraction for the oxidized series and (B) polarity
of the polycation. Error bars indicate the standard deviation between
three separate measurements.

region and a decrease of C, . with decreasing f, which agrees
with experiments and is consistent with physical expectations.
For salt-free coacervates, the simulation results also reveal that
with decreasing f the density decrease is larger in the range of
low f than in the range of high f values: The density drop from
f=0.54to f=0.30 is larger than that from f= 1.0 to f = 0.54. A
detailed analysis of coacervate density dependence on f can be
found in the Discussion section and Figure 9B.

Salt Partitioning. Figures 7A and 7B show simulation
binodals for indifferent and more attractive interactions
between salt and polymer, respectively. The corresponding
salt partitioning coeflicients are plotted against the average salt
concentration in Figure 8. The average salt concentration in
simulations was obtained as the ratio between the total number
of salt ions in the two phases and the combined volume of the
two phases. In Figure 8A, all beads experience the same
excluded volume interactions, €;; = 0.314ksT, and the salt
partitioning coefficients C**°/C{* are below unity for all f
values, indicating that salt ions prefer the supernatant phase.
This result is in line with our experimental data for coacervates
of poly(Am)/poly(Sulf) where polycations were not oxidized
as well as earlier ex7perimental findings for polypeptide PLK/
PLE coacervates,”’ simulations,””®’ and PRISM theory
predictions.”

In addition, the salt partitioning difference between the two
phases disappears; that is, C;°*/C"" approaches unity with
decreasing f and/or increasing salt concentration as the
difference between the two phases diminishes. However, just
by modifying the excluded volume interactions between salt
ions and polymers to make salt ions more attractive to polymer
beads and setting the corresponding €;; = 0.471k;T, the salt
partitioning can be completely changed. As shown in Figure
8B, in this case, the salt partition coefficients are above unity
for all f values at low salt concentration and monotonically
decrease to unity as salt concentration increases. This salt
partitioning behavior agrees well with our experimental
observations for poly(Am,,)/poly(Sulf) solutions (see Figure
6A), where salt ions preferentially partition into the coacervate
phase. Similar to the former case, the salt partition difference
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Figure 7. Binodal phase diagrams for PECs with f = 0.30—1.0 obtained from Gibbs ensemble simulation. (A) All beads have same L] interactions,
€y = 0.314kyT. (B) Salt—salt and monomer—monomer interactions are unchanged, €1y = 0.314ky T, while for salt—monomer interactions €;; =
0.471kpT to provide stronger attractions between salt and polymer. Error bars indicate the standard deviation from the block average.

A 1.0 B 15-]
& f=1.0 & =10
| A =072 A f=0.72
O f=0.54 14 O f=0.54
o £=0.30 o £=0.30
0.9
1.3
o S
> 0.8- > 124
S 0% 8,
© 1 0 S
0 1.1
0.7
1.0 - &
&
0.6 0.9
[ | T T [ | T T I [ | T
000 005 010 015 020 0.25 000 005 010 015 020 025
3 3
Cemo Cemo

Figure 8. Salt partitioning coefficient vs average salt concentration. (A) All beads have the same L] interactions. (B) Salt—monomer interactions are
stronger than salt—salt and monomer—monomer interactions. Error bars indicate the standard deviation.

diminishes as salt concentration increases. We note that
irrespective of the preferential salt partitioning to the
coacervate or the supernatant at low salt concentrations, the
salt partitioning coeflicient C;**°/C{*® always approaches unity
(decreasing or increasing, respectively) as salt is added (cf.
Figures 8A and 8B). For increasing concentration of exogenous
salt, the coacervate density drops, and the effect of (both
Coulomb and non-Coulomb) polymer—salt interactions,
which are the driving force for the uneven salt distribution
between the coexisting phases, gradually weakens. A similar
C7*/C™ — 1 behavior in the high-salt regime has been also
reported in ref 27.

Our simulations help rationalize the experimental results of
Figure 7B and reveal that the salt partitioning between
coacervate and supernatant phase is nonuniversal but instead
depends strongly on the details of polymer chemistry. One can
attribute the higher C*°/C* for poly(Am,,)/poly(Sulf)
coacervates as compared to poly(Am)/poly(Sulf) analogues
to the better solvation of salt ions, which is itself due to the

higher content of polar oxygen atoms (namely, sulfoxide and
sulfonium oxygens; see Scheme 1) in the structure of the
oxidized polycations. In simulations, tuning e;; for polymer—
salt interactions takes into account these chemistry-specific
effects that are usually neglected in theoretical treatments’>”°

aimed at describing coacervate/supernatant salt partitioning.
We finally note that the nonmonotonous dependence of

C*/C3* on f observed in the experiments (see Figure 6A) is
not reproduced in simulations where the salt partitioning
coeflicient is found to be almost independent of f, as seen in
Figure 8B. One of the possible reasons for this discrepancy is
the different solvation of Na* salt ions by ionic and neutral
monomers, which is neglected in simulations where, for
simplicity, an identical potential for interactions between salt

ions and any monomer units is adopted.
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Figure 9. (A) Experimental relationship between weight fraction of (co)PE in the coacervate phase (wp.) at 0 M exogenous NaCl and f. (B)
Coacervate density as a function of f as determined by MD simulations using chains with ideally random sequences or sequences adjusted for
compositional drift and D (experimental sequences). The slopes reported were obtained by fitting the ideally random sequences in the ranges of
0.125 < f < 0.20 and both ideally random and experimental sequences for 0.54 < f < 1.0.

B DISCUSSION

Comparison of Theoretical Scaling Laws, MD Simu-
lations, and Experiments. One of the motivations for this
work was to access weakly charged PECs and provide a
quantitative assessment of analytical scaling laws by comparing
to experiments and simulations.”” > Within the weakly
charged regime, f < 1, the density of the salt-free coacervate
in a theta solvent is predicted to scale with the charge fraction
as

¢ = (uf*)"? (1)

where u is the dimensionless Bjerrum length u = Iy/a = ¢/
€akyT with a representing the statistical segment length and €
representing the dielectric constant of the solvent. For
athermal solvent, this law reads ¢ =~ (uf?)®V/C) ~
(uf?)*%%, where v = 0.588 has been used.****>”” The solvent
quality for our chains is not currently known, but small-angle
neutron studies are underway which provide insights into the
structure of PECs and the chain statistics within electrostatic
blobs (i.e., solvent quality). TGA of coacervates prepared at 0
M exogenous NaCl reveals a weak dependence of coacervate
density—or, more accurately, PE weight fraction (wp.)—on
charge fraction given by wp. ~ f*7*%%" (Figure 9A).
Complementary MD simulations for theta solvent conditions
Yleld ¢ NfO.éSiO.OS for 0.1 st 0.25 and ¢ ~f0.4010.03 fOI'fZ
0.25 (Figure 9B). The former result is in good agreement with
the scaling prediction of ¢ ~ f ®¥. As anticipated, the latter
deviates from scaling analysis due to lower coacervate
compressibility at high densities: For theta solvent, scaling
takes into account only three-body interactions,”’ ™" whereas
higher terms in the virial expansion become non-negligible at
high ¢. Similar deviations from the scaling predictions to the
lower slopes for the ¢(f*) dependence, 041 + 0.02 vs
theoretical 0.54, have been recently reported for athermal
solvent.®®

The apparent slope of the experimental dependence of
coacervate density on f between 0.54 < f < 1.0 is within error of
that calculated in MD simulations. A dramatic decrease in
coacervate density is observed between 0.30 < f < 0.54, but
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more experimental points corresponding to lower f values are
required to facilitate a rigorous comparison with scaling laws.
We note that decreasing f would require synthesizing longer
copolyelectrolytes. For N & 200, the lowest content of ionic
monomers providing phase separation is f = 0.30, whereas at f
= 0.10 the solution is homogeneous even in the absence of salt.
One can estimate which f values become available for longer
coPEs using a simple scaling argument: an equal number of
electrostatic blobs per polyion should result in similar phase
behavior across different f and N values. In theta solvent, each
blob consists of g =~ (ufz)_y 3 monomers*’ ™° and each
polyelectrolyte contains N/g ~ Nf® electrostatic blobs.
Assuming N, = 1000 and solving Nfi*? = Nof,*® with N,
200 and f; = 030, one can conclude that complex
coacervation of longer chains is expected for f > f, = 0.09.
Similarly, by using f; = 0.10, one obtains f, = 0.03. This
suggests that for N, = 1000 coacervation will not take place for
f < f, = 0.03. We are currently in the process of preparing
chains with N, = 1000 and 0.10 < f < 0.25 to access the range
of parameters where scaling laws for coacervate densities can
be rigorously and systematically corroborated.

Quantitative Comparison with Previous Coacervate
Composition Data. Previously reported results by Laaser et
al. can be similarly analyzed to provide a comparison to our
data.”' However, two aspects must be noted: (1) TGA data
were only reported for coacervates of f = 0.64—1.00 prepared
at 0.2 M KCl, and (2) the corresponding coacervate phases
appeared to contain inhomogeneities as they were turbid
(shown in photos in the authors’ Supporting Information).
Plotting wy . vs f, apparent slopes of wp ~ f*¢ and wp ~ f*!
are obtained for the authors’ hydrophilic and hydrophobic
series, respectively. This is in stark contrast to the weak
dependence of coacervate density on f we observed over a
comparable range of charge densities by both experiment and
simulations. However, as previously mentioned, the deviations
between the authors’ and our system present significant
challenges to a meaningful comparison of our data.

Microscopic Specificity of Interactions. Our data
facilitate an evaluation of salt partitioning as a function of f
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as well as of PE polarity and solvation ability. Experimentally, a
preference for salt partitioning into the coacervate phase was
observed at lower f values (Figure 6A) although that trend
appears to reverse for f = 0.30. The trend observed between f =
0.54 and 1.0 was reproduced in simulation results (Figure 8A)
and is in line with theory, which reasons that at low PEC
density the finite size effect of salt ions is weak and is therefore
negligible in the regime of low C.*® The impact of
polyelectrolyte polarity and solvation ability on salt partition-
ing is revealed in Figure 6B. Complexes formed from fully
charged polyanions and polycations—the latter pre- and
postoxidation—demonstrate the importance of the chemistry
of the constituent PEs, indicating that salt partitioning is not
universal. Simulation results shown in Figure 8 corroborate
that this effect is attributed to the chemistry-specific
interactions between salt ions and polymer. The complexes
reported here feature electron-rich ether and sulfoxide/
sulfonium oxygens in the polymer structures which are well-
hydrated and capable of chelating Lewis acids, such as sodium
ions. Hence, we attribute our observations to the combined
effects of enhanced PE polarity and solvation ability.
Interestingly, the same observation can be made from the
data reported by Laaser and co-workers; the coacervates of the
hydrophilic (L) series consistently contained a higher
concentration of salt than their hydrophobic (B) analogues
prepared at a similar charge fraction and identical exogenous
[KCl], although this was not directly discussed in the main text
(see the authors’ Supporting Information, Table S1).”" These
findings are furthermore in line with previous reports by
Schlenoff,”® Larson,”® and co-workers.

B CONCLUSION

The work presented herein aimed to elucidate polyelectrolyte
complex coacervate phase behavior across a broad range of
charge densities. This was accomplished by employing
polyether-based (co)polyelectrolytes, which remain water-
soluble even at low charge fractions, due to the hydrophilic
ethylene oxide comonomer. Charged moieties were carefully
chosen to obtain equilibrium complexes for salt-free and salted
complexes. Hydrophobic interactions were minimized by
oxidation of the (co)polycation side chain thioethers to a
mixture of polar sulfoxide and sulfonium species.

The charge density of polyelectrolytes f has been
experimentally shown to govern their complex coacervation.
The higher the f, the wider the two-phase envelope on the
solution phase diagrams. For salt-free solutions, we found only
a weak dependence of coacervate density on charge fraction for
strongly charged complexes with f > 0.5 but noted a steep
decline in coacervate density below this regime. A quantitative
comparison of salt partitioning coefficients as a function of
polycation polarity furthermore indicated that polar complexes
partitioned salt ions more readily than their hydrophobic
analogues. In contrast to most previous studies reporting
higher salt concentration in the supernatant than in the
coacervate, we observe that the opposite salt partitioning is
also possible. This suggests that salt partitioning does not obey
a universal rule but crucially depends on the polyelectrolyte
chemistry defining their polarity and solvation ability. Our
conclusions are supported by coarse-grained computer
simulations demonstrating that salt distribution between
coacervate and supernatant depends on short-range (non-
Coulomb) polymer—salt interactions. In addition, salt
partitioning coefficients were found to increase with decreasing
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charge fraction, albeit this trend appeared to reverse for the
lowest charge fraction of f = 0.30.

Our findings provide deep insight into the role of
polyelectrolyte charge density in complex coacervation,
thereby providing valuable guidelines for rational design of
coacervate-based materials for practical applications. Further
investigations into the phase behavior, structure, and dynamics
of very weakly charged chains (f < 0.25), which will facilitate a
quantitative comparison with theoretical scaling laws,*’ ™" are
currently underway.
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